Introduction
============

Gene expression is strictly controlled in many biol-ogical processes, such as development and diseases. Transcription factors regulate gene expression by binding to specific DNA sequences at the enhancer and promoter regions of target genes, and modulate transcription through their effector domains^[@bib1]^. Based on the same principle, artificial transcription factors (ATFs) have been generated by fusing various functional domains to a DNA binding domain engineered to bind to the genes of interest, thereby modulating their expression^[@bib2],[@bib3]^. The capability of regulating endogenous gene expression using ATFs may facilitate the study of the transcriptional network underlying complex biological processes and provide new therapeutic options for diseases. Significant efforts and progress have been made to engineer DNA binding domains with defined specificities. The decipherment of the "code" of DNA binding specificity of zinc finger proteins and transcription activator-like effectors (TALE) has led to the rational design of DNA binding domains to recognize specific nucleotides with certain probability ^[@bib4],[@bib5],[@bib6],[@bib7],[@bib8],[@bib9],[@bib10]^. However, binding specificity of these ATFs is usually degenerate, can be difficult to predict and the complex and time-consuming design and generation limits their applications. To study the transcriptional network in a systematic manner, regulating multiple endogenous genes is required, prompting the development of efficient technology for simultaneous regulation of multiple endogenous genes.

CRISPR (clustered regularly interspaced short palin-dromic repeat) and Cas (CRISPR-associated) proteins are utilized by bacteria and archea to defend against viral pathogens^[@bib11],[@bib12]^. Because the binding of Cas protein is guided by the simple base-pair complementarities between the engineered single guide RNA (sgRNA) and a target genomic DNA sequence, Cas9 could be directed to specific genomic locus or multiple loci simultaneously, by providing the engineered sgRNAs^[@bib13],[@bib14],[@bib15],[@bib16],[@bib17],[@bib18],[@bib19],[@bib20]^. A recent study described the CRISPRi (CRISPR interference) system, in which the nuclease-deficient dCas9 (D10A; H840A) proteins blocked the transcription apparatus when directed to promoters or gene bodies in bacteria^[@bib21]^. A subsequent study demonstrated a more efficient gene repression in eukaryotes by dCas9 fused with a transcription repression domain or exogenous transgene activation when fused with an activation domain^[@bib22]^. Two most recent studies showed single endogenous gene activation using dCas9-based activators^[@bib9],[@bib10]^. To what extent multiple endogenous genes could be regulated simultaneously has not been explored. In this study we report the generation of an RNA-programmable CRISPR-on system, which enables the simultaneous activation of multiple endogenous genes with a defined stoichiometry.

Results
=======

Fusion of nuclease-deficient Cas9 to transactivation domain generated an RNA-programmable transcription factor
--------------------------------------------------------------------------------------------------------------

To generate a CRISPR/Cas-based transcription activator (CRISPR-on), we introduced the H840A mutation in the human codon-optimized Cas9(D10A) nickase^[@bib14]^ to create a nuclease-deficient dCas9 (H840A; D10A) and fused a 3× minimal VP16 transcriptional activation domain (VP48) to its C-terminus (dCas9VP48) ([Figure 1A](#fig1){ref-type="fig"}). We first tested dCas9VP48 in human HeLa cells carrying integrated tdTomato reporter transgene under the control of a Tetracycline-inducible promoter composed of seven copies of rtTA binding sites and a CMV minimal promoter (TetO::tdTomato). As a positive control, these cells constitutively expressed the rtTA transactivator that induces tdTomato expression upon doxycycline treatment ([Figure 1B](#fig1){ref-type="fig"} column ii). Transient transfection of dCas9VP48 with sgRNA complementary to rtTA binding site (sgTetO) activated the TetO::tdTomato reporter in the absence of doxycycline at almost the same efficiency as the positive control ([Figure 1B](#fig1){ref-type="fig"} column iv). Transfection of dCas9VP48 without sgRNA did not activate tdTomato expression ([Figure 1B](#fig1){ref-type="fig"} column iii). Activation of a TetO::tdTomato reporter lasted for about two weeks but became weak afterwards ([Supplementary information, Figure S1](#sup1){ref-type="supplementary-material"}). Similarly, co-expression of dCas9VP48 with sgTetO activated the tdTomato transgene in mouse NIH3T3 cells carrying an integrated TetO::tdTomato reporter ([Supplementary information, Figure S2B](#sup1){ref-type="supplementary-material"} column iv), while expression of dCas9VP48 alone did not activate tdTomato expression ([Supplementary information, Figure S2B](#sup1){ref-type="supplementary-material"} column iii). These results indicate that CRISPR-on activates a transgene reporter robustly in human and mouse cells to a similar level to rtTA in the presence of doxycycline and that the binding of dCas9VP48 to the TetO promoter is strictly dependent on sgTetO. The higher fraction of fluorescent HeLa cells as compared to that in NIH3T3 cells is likely due to higher transfection efficiency.

We tested whether CRISPR-on can activate a single-copy transgene in mouse embryonic stem cells (mESCs). For this, dCas9VP48 was co-transfected with sgTetO into KH2MSI1 ESCs carrying a Tet-inducible Musashi1 (MSI1) transgene at the *Col1A1* locus and the rtTA-M2 in the *Rosa26* locus^[@bib23]^ ([Supplementary information, Figure S3](#sup1){ref-type="supplementary-material"}). Transient transfection of dCas9VP48 alone did not activate MSI1 expression ([Supplementary information, Figure S3](#sup1){ref-type="supplementary-material"} Lane 1), while co-transfection of dCas9VP48 with sgTetO or addition of doxycycline (positive control) activated MSI1 expression ([Supplementary information, Figure S3](#sup1){ref-type="supplementary-material"} Lane 2 and 7). Neither expression of dCas9VP48 with a mutant TetO sgRNA (sgTetO-mut) carrying mismatches to the TetO binding sites ([Supplementary information, Figure S3](#sup1){ref-type="supplementary-material"} Lane 3) nor expression of sgTetO with dCas9 lacking an activation domain activated MSI1 expression ([Supplementary information, Figure S3](#sup1){ref-type="supplementary-material"} Lane 4).

To further characterize the system, we transfected HEK293T/TetO::tdTomato cells with dCas9 activator and a serial titration of sgRNAs ([Supplementary information, Figure S4](#sup1){ref-type="supplementary-material"}). We observed a near-linear relationship between the amount of sgTetO transfected and the mean fluorescence by FACS ([Supplementary information, Figure S4B](#sup1){ref-type="supplementary-material"}), indicating that the level of gene activation could be controlled precisely by using CRISPR-on.

To test whether CRISPR-on can activate genes *in vivo*, we co-injected a Nanog::EGFP construct containing a 1 kb promoter and 5′ UTR of *Nanog* into mouse zygotes with the dCas9VP48 plasmid and seven different sgRNAs (sgNanog-1∼7) targeting the mouse *Nanog* promoter ([Figure 1C](#fig1){ref-type="fig"} and [1D](#fig1){ref-type="fig"}). As a control, the Nanog::EGFP construct was co-injected with dCas9VP48 plasmid only. Two days after injection, a GFP signal was detected in 4-cell embryos by fluorescence microscopy and higher GFP expression was observed in morulae and blastocysts on day 3 and day 4, whereas no GFP signal was observed in control embryos injected only with the Nanog::EGFP construct and dCas9VP48 plasmid. Although *Nanog* has been reported to be expressed in cleavage stage embryos^[@bib24]^, it is likely that the Nanog::EGFP reporter construct used does not include all necessary elements for *Nanog* expression in the embryo. Thus, the results shown in [Figure 1D](#fig1){ref-type="fig"} demonstrate that the dCas9VP48/sgNanogs activator system can specifically activate a GFP transgene by targeting upstream promoter sequences in mouse embryos.

Activation of endogenous genes
------------------------------

Having established that the CRISPR-on system can activate reporter transgenes, we designed sgRNAs targeting the endogenous human *IL1RN* gene and tested their transactivation activity in HEK293T cells. To identify the binding sites most efficient for gene induction, six sgRNAs were designed to span the 1 kb *IL1RN* promoter ([Supplementary information, Figure S5](#sup1){ref-type="supplementary-material"}). Initially, we transfected dCas9VP48 with all 6 sgRNAs, but failed to induce *IL1RN* gene expression ([Supplementary information, Figure S5](#sup1){ref-type="supplementary-material"}). To test whether a stronger activation domain can activate *IL1RN*, we fused a VP160 domain containing 10 tandem copies of VP16 motifs with dCas9 to generate dCas9VP160 ([Figure 2A](#fig2){ref-type="fig"}). When co-transfected with multiple but not single sgRNAs, dCas9VP160 readily activated *IL1RN* ([Figure 2B](#fig2){ref-type="fig"} and [2C](#fig2){ref-type="fig"}). Transduction of three proximal sgRNAs (sgIL1RN1∼3) activated *IL1RN* by approximately 6-fold, whereas the three distal sgRNAs (sgIL1RN4∼6) did not induce robust induction. Addition of sgRNA4∼6 to the proximal sgRNAs (sgIL1RN1∼3) did not significantly augment the expression ([Figure 2C](#fig2){ref-type="fig"}). These data suggest that gene activation is synergistically promoted by multiple dCas9VP160/sgRNA binding events at the proximal region of the *IL1RN* promoter. A similar result was obtained with 10 sgRNAs spanning the *SOX2* promoter ([Figure 2D](#fig2){ref-type="fig"} and [2E](#fig2){ref-type="fig"}). Similarly to *IL1RN*, expression of single sgRNAs did not yield strong activation of *SOX2*, while the triple sgRNAs (3∼5, 4∼6, 5∼7, 8∼10) activated *SOX2* by more than 4-fold. A 7-fold activation was achieved with sgSOX2-4∼6 and sgSOX2-5∼7, while further distal sgRNAs (sgSOX2-8∼10) or those downstream of transcriptional start sites (TSS) (sgSOX2-1∼2) were less potent. Quintuple sgSOX2-1∼5 had a lower activity than triple sgSOX2 3∼5, suggesting that sgRNAs downstream of TSS (sgSOX2-1∼2) may be detrimental to activation. It is possible that binding of dCas9VP160 to downstream TSS sterically hinders transcription by blocking polymerase, consistent with a previous report on CRISPRi^[@bib21]^. To further confirm this observation, we designed six sgRNAs spanning *OCT4* promoter, including two targeting downstream of TSS (sgOCT4-1∼2) ([Figure 2F](#fig2){ref-type="fig"}). An 8-fold activation was achieved with sgOCT4-3∼6, albeit all six sgOCT4-1∼6 had a much lower activity than sgOCT4-3∼6, confirming that sgRNAs downstream of TSS (sgSOX2-1∼2) have a negative effect on gene activation ([Figure 2G](#fig2){ref-type="fig"}). Thus, in *IL1RN*, *SOX2*, and *OCT4* promoters, three to five dCas9VP160/sgRNAs binding within 300 bp region upstream of TSS induced the most efficient gene activation.

Multiple exogenous and endogenous genes can be simultaneously activated by CRISPR-on
------------------------------------------------------------------------------------

We tested single, double and triple activation of a TetO::tdTomato transgene and the endogenous *SOX2* and *IL1RN* genes ([Figure 3A](#fig3){ref-type="fig"}) in HEK293T cells carrying the stably integrated TetO::tdTomato transgene (HEK293T/TetO::tdTomato). Transfection of sgRNAs targeting the individual promoters (sgTetO for TetO::tdTomato, sgSOX2-1∼10 for *SOX2* or sgIL1RN1∼6 for *IL1RN*) activated the respective genes (TetO: 6.6× SOX2: 3.5× IL1RN: 10.7×) while not affecting expression of the other two genes ([Figure 3A](#fig3){ref-type="fig"}). Simultaneous transfection of sgRNAs targeting two or three promoters activated the corresponding sets of genes ([Figure 3A](#fig3){ref-type="fig"}).

To test whether the system allows the activation of three different endogenous genes in a dose-dependent manner, we co-transfected HEK293T cells with dCas9VP160 and the most efficient sgRNAs targeting all three genes (sgIL1RN1∼3 for *IL1RN*, sgSOX2-5∼7 for targeting *SOX2*, and sgOCT4-3∼6 for *OCT4*) in different ratios ([Figure 3B](#fig3){ref-type="fig"}). When sgRNAs targeting one or two genes were used, only the respective genes were activated. When all sgRNAs targeting three genes were transfected, albeit in different ratios, we observed robust activation of all three genes ([Figure 3B](#fig3){ref-type="fig"}). More significantly, when different ratios of sgRNAs were used targeting *SOX2* and *IL1RN* while maintaining the *OCT4* sgRNAs constant, we observed the predicted change of the ratio of *SOX2* and *IL1RN* expression levels, and the OCT4 expression remained stable ([Figure 3B](#fig3){ref-type="fig"}). These results demonstrate that the CRISPR-on system can be robustly used for multiplexed activation of endogenous genes.

CRISPR-on is highly specific
----------------------------

To test the specificity of CRISPR-on-mediated gene activation, we conducted microarray experiments to compare genome-wide gene expression profiles of cells transfected with dCas9VP160 and specific sgRNAs to cells transfected with dCas9VP160 and sgTetO-mut control sgRNA ([Figure 4](#fig4){ref-type="fig"}). While efficiently activating target genes, CRISPR-on did not cause major perturbations in the transcriptome ([Figure 4A](#fig4){ref-type="fig"} and [4B](#fig4){ref-type="fig"}) as only three genes showed an over 2-fold upregulation upon transduction of dCas9VP160/sgTetO ([Figure 4C](#fig4){ref-type="fig"}). While CRISPR-on-mediated activation of *IL1RN* induced the *IL1RN* target gene by 13-fold, only 16 other genes showed an about 2-fold increase in expression ([Figure 4D](#fig4){ref-type="fig"}). We failed to detect matches of sgRNAs within 2 kb promoters of these genes allowing up to 5 mismatches in the 20 nt target sequence although we cannot exclude the possibility that dCas9VP160/sgRNA binds to other regions of these loci to activate gene expression. Also, the minor upregulation of these genes may not be direct but due to the over-expression of tdTomato or *IL1RN*.

Discussion
==========

ATFs are valuable tools for studying gene functions and transcriptional networks. Zinc-fingers and TALE transcription factors have been developed over the recent decades and show promises in both bioengineering and therapeutic applications^[@bib3],[@bib9],[@bib10]^. Here we established CRISPR-on as a novel class of artificial transcription factors based on the CRISPR/Cas system. The major advantage of this system is that only one dCas9 activator is required to activate multiple genes individually or simultaneously and that its DNA binding specificity is determined by sgRNAs, which are designed based on simple RNA/DNA complementarity.

Using CRISPR-on, we demonstrate robust activation of exogenous reporter genes in both human and mouse transformed cells as well as in ES cells. When the system was introduced into one-cell mouse embryos, efficient reporter gene activation was observed, raising the possi-bility of manipulating transcriptional networks in early embryos.

We achieved robust endogenous gene activation using the stronger activation domain VP160. Further optimization of activation domains, such as using different linker sequences, may improve the CRISPR-on activation efficiency even further. The promoter scanning experiments demonstrated that efficient activation of endogenous genes could be achieved by three to five sgRNAs binding within 300 bp region upstream of TSS. Using additional sgRNAs targeting further upstream or downstream regions did not significantly improve the level of induction. Our data suggest that only a small number of sgRNAs targeting the proximal promoter are sufficient to activate endogenous genes. While our paper was under review, similar results were reported showing synergistic and robust activation of endogenous genes by proximal binding of dCas9 activators^[@bib15]^.

We show here that the CRISPR-on system can be used for the simultaneous induction of at least three different endogenous genes. More significantly, we demonstrated that the stoichiometry of gene induction of multiple genes can be tuned by adjusting the relative amount of their cognate sgRNAs. Simultaneous activation of multiple endogenous genes with defined stoichiometry opens up novel opportunities for systems biology as it allows for the predictable manipulation of transcriptional networks.

Finally, with the ease of design and synthesis, a library of sgRNAs could be generated. When introduced into a cell line constitutively expressing dCas9 activator, gene activation screens mediated by RNA (RNAa) could be achieved. As the specificity components (sgRNA) can be separately designed and constructed from the effector component (Cas fusion proteins), the same library of sgRNAs could be used with different dCas9 fusions (e.g., VP160 domain for transactivation, KRAB domain for transcriptional repression, chromatin modifier domains for specific histone modification) to exert different functions at particular genomic loci.

Materials and Methods
=====================

Cloning
-------

A two-step fusion PCR was performed to amplify Cas9 Nickase ORF without stop codon from the pX335 vector (Addgene: 42335), incorporate H840A mutation, *EcoR*I-*Age*I restriction site on the 5′ end as well as an *Fse*I site on the 3′ end (*EcoR*I-*Age*I-dCas9-*Fse*I fragment). The 3× minimal VP16 activation domain coding fragment (VP48) was excised from a vector (Addgene: 20342) containing NLSM2rtTA coding sequence by *Fse*I and *EcoR*I digestion (*Fse*I-TA-*EcoR*I fragment). The two fragments were ligated into pCR8/GW/TOPO (Invitrogen) vector digested by *EcoR*I to generate a gateway compatible dCas9VP48 coding plasmid. The dCas9VP48 coding sequence was subsequently excised and cloned into pX355 vector (Addgene: 42335) by *Age*I-*EcoR*I digestion to replace dCas9 Nickase to create a chimeric vector that expresses both the dCas9VP48 and the sgRNA (dCas9VP48-U6-sgRNA-chimeric). sgRNA spacers were cloned into the *Bbs*I-digested vector by annealing oligos as previously described^[@bib14]^. For construction of dCas9VP160, a gBlocks gene fragment containing coding sequence for 10 tandem repeats of VP16 domains separated by Glycine-Serine (GS) linker was ordered from Integrated DNA Technology (IDT) and amplified by PCR primers containing *Fse*I and *EcoR*I sites to replace VP48 fragment in pCR8-dCas9VP48 to generate pCR8-dCas9VP160. A pmax-DEST gateway destination vector was constructed by replacing GFP coding sequence in pmaxGFP (Clontech) by a gateway destination cassette (Invitrogen). The pCR8-dCas9VP160 vector was then recombined with pmax-DEST via LR clonase-mediated recombination to create pmax-dCas9VP160 expression plasmid. For the endogenous gene experiments, sgRNAs were cloned by oligo cloning method mentioned above into a PBneo-sgRNA expression vector sgRNA target sequences, oligos for cloning are listed in [Supplementary information, Table S1](#sup1){ref-type="supplementary-material"}. Plasmids are deposited on Addgene and additional information is available at <http://www.crispr-on.org>

Culturing and transfection of HeLa, HEK293T and NIH3T3
------------------------------------------------------

HeLa, HEK293T and NIH3T3 cells were cultured in DMEM with 10% inactivated FBS, 1% Penn/Strep, 1% Glutamine, 1% non-essential amino acids. Transfection was done using Fugene HD (Promega) using a 2:6 ratio (a total DNA amount of 2 μg and 6 μl of Fugene HD reagent) in 6-well plates. For TetO::tdTomato experiment, 2 μg of the chimeric vector was used. For endogenous gene activation experiments, the U6 promoter-sgRNA-terminator sequence was amplified from the PBneo-sgRNA plasmids, purified by PCR purification kit (QIAGEN), and transfected as linear DNA (1 μg Total sgRNA expressing DNA) with 1 μg of pmax-dCas9VP160 plasmid. When there are multiple sgRNAs for multiple genes, the amount per sgRNA was evenly divided among genes first, then among the sgRNAs targeting each gene.

Transgene activation in mouse embryonic stem cells (mESCs)
----------------------------------------------------------

mESCs from mice carrying a Dox-inducible Musashi-1 (MSI1) allele in the *Col1A1* locus^[@bib23]^ were transfected with dCas9VP48 using Xfect mESC transfection reagent (Clontech) or were cultured in mouse ES medium with 2 μg/ml Doxycycline. 48 h later, protein lysates were prepared on ice from cell pellets in SDS-Tris lysis buffer (10% SDS, 10% Glycerol, 0.1 M DTT, 0.12 g/ml Urea) supplemented with protease and phosphatase inhibitor tablets (1 tablet/10 ml, Roche) and analyzed by western blot. Blots were probed with primary rabbit anti-MSI1 (Cell Signaling Technologies, \#2154), mouse anti-α-Tubulin (Sigma) antibodies. Secondary HRP-conjugated anti-rabbit/anti-mouse IgG were used and visualized with ECL (GE Healthcare).

One-cell embryo injection
-------------------------

All animal procedures were performed according to NIH guidelines and approved by the Committee on Animal Care at MIT. B6D2F1 (C57BL/6 × DBA2) female mice and ICR mouse strains were used as embryo donors and foster mothers, respectively. Super-ovulated female B6D2F1 mice (7-8 weeks old) were mated to B6D2F1 stud males, and fertilized embryos were collected from oviducts. Cas9VP48 plasmid (200 ng/μl), Nanog::EGFP construct (200 ng/μl), and sgRNAs (50 ng/μl for each) were mixed and injected into the cytoplasm of fertilized eggs with well-recognized pronuclei in M2 medium (Sigma). Injected oocytes were cultured in KSOM medium for 96 h to examine their development *in vitro*. Images of resulting embryos were acquired with an inverted microscope under the same exposure parameters.

Bioinformatics analysis of gene expression and off-target analysis
------------------------------------------------------------------

Affymetrix U133 Plus 2.0 array was used for microarray gene expression analysis. Gene expression values were processed and normalized using affy package for R^[@bib25]^. Microarray data have been deposited onto GEO database with accession number GSE49701. For off-target analysis, sequences from 2 kb promoters of genes upregulated by two-fold or more were extracted and searched against matches to the 20 nt sgRNA targeting sequence followed by the NGG PAM sequence allowing up to 5 mismatches.

qRT-PCR expression analysis
---------------------------

Total RNA was isolated using the Rneasy Kit (QIAGEN) and reversed transcribed using the Superscript III First Strand Synthesis kit (Invitrogen). Quantitative RT-PCR analysis was performed in triplicate using the ABI 7900 HT system with FAST SYBR Green Master Mix (Applied Biosystems). Gene expression was normalized to GAPDH. Error bars represent the standard deviation (SD) of the mean of triplicate reactions. Primer sequences are included in [Supplementary information, Table S2](#sup1){ref-type="supplementary-material"}.
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![CRISPR-on activates exogenous transgenes. **(A)** Schematic of the dCas9VP48-mediated transgene activation in HeLa cells. dCas9VP48 was generated by fusing dCas9 (indicated by black circle) to VP48 domain (indicated by green dimond). sgRNA complementary to rtTA binding site is indicated by small hairpin labeled sgTetO. **(B)** dCas9VP48 activates TetO::tdTomato transgene in HeLa cells. Upper panel, phase contrast picture of transfected cells; middle panel, tdTomato signal using fluorescent microscopy; bottom panel, FACS analysis of transfected cells. Column i, cells transfected with GFP plasmid; column ii, cells treated with doxycycline; column iii, cells transfected with dCas9VP48 only; column iv, cells transfected with dCas9VP48 and sgTetO. Cells were transfected with the indicated plasmids and 48 h later were analyzed by flow cytometry for tdTomato expression. **(C)** Schematic of the dCas9VP48-mediated reporter activation in early mouse embryos. dCas9VP48, Nanog::EGFP vector, and 7 sgRNAs targeting *Nanog* promoter were co-injected into mouse zygotes and cultured into blastocyst stage. **(D)** dCas9VP48/sgRNA can activate gene *in vivo*. Left panel, embryos injected with dCas9VP48 and Nanog::EGFP vector; right panel, embryos injected with dCas9VP48, Nanog::EGFP vector and sgRNAs targeting *Nanog* promoter. Embryos two, three, four days post-injection were shown.](cr2013122f1){#fig1}

![dCas9VP160 activates endogenous genes. **(A)** Protein architecture of dCas9VP160 compared to VP48. **(B)** Schematic of the human *IL1RN* promoter region. Locations of transcription start site (TSS) and start codon (ATG) are indicated. Short lines with number indicate targeting sites of the sgRNAs. **(C)** Activation of human *IL1RN* expression in HEK293T cells. Cells were analyzed by qRT-PCR 2 days after transfection with dCas9VP160 and the indicated sgRNAs. **(D)** Schematic of the human *SOX2* promoter region. Locations of TSS and start codon (ATG) are indicated. Short lines with number indicate targeting sites of sgRNAs. **(E)** Activation of *SOX2*. Cells were analyzed by qRT-PCR 2 days after transfection with dCas9VP160 and the indicated sgRNAs. **(F)** Schematic of the human *OCT4* promoter region. Locations of transcription start site (TSS) and start codon (ATG) are indicated. Short lines with number indicate targeting sites of sgRNAs. **(G)** Activation of *OCT4*. Cells transfected with dCas9VP160 and the indicated sgRNAs were analyzed by qRT-PCR 2 days later. sgTetO-mut, negative control sgRNA. Error bars show SD among triplicates.](cr2013122f2){#fig2}

![Multiple exogenous and endogenous genes were simultaneously activated by CRISPR-on. **(A)** One exogenous and two endogenous genes were simultaneously activated by CRISPR-on. Cells were analyzed by qRT-PCR 2 days after transfection with dCas9VP160 and the indicated sgRNAs. **(B)** Three endogenous genes, *SOX2*, *IL1RN* and *OCT4*, can be simultaneously activated by dCas9VP160/sgRNAs. Cells were transfected with dCas9VP160 and the indicated sgRNAs and were analyzed by qRT-PCR 2 days after transfection. The Last three sets of bars represent triple activation experiments using sgSOX2, sgOCT4 and sgIL1RN with three different ratios of sgSOX2:sgIL1RN, keeping the amount of sgOCT4 constant, as indicated by numbers above line. sgTetO-mut, negative control sgRNA. Error bars show SD among triplicates.](cr2013122f3){#fig3}

![Genome-wide expression analysis of cells transfected with the CRISPR-on system. **(A)** The histogram showing distribution of Log~2~ fold changes of gene expression in sample transfected with dCas9VP160/sgTetO over dCas9VP160/sgTetO-mut control. **(B)** A histogram showing distribution of log~2~ fold changes of gene expression in cells transfected with dCas9VP160/sgIL1RN1∼3 over dCas9VP160/sgTetO-mut control. Vertical line marks the fold change of the target gene *IL1RN*. **(C)** Column graph showing the Log~2~ fold changes of genes upregulated by at least 2-fold in cells transfected with dCas9VP160/sgTetO over dCas9VP160/sgTetO-mut. **(D)** Column graph showing the Log~2~ fold changes of genes upregulated by more than 2-fold in cells transfected with dCas9VP160/sgIL1RN1∼3 over dCas9VP160/sgTetO-mut. Dotted line indicates the 2-fold cut-off.](cr2013122f4){#fig4}
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